Abstract: 68 Ga) has been the subject of increasing interest for its potential in the production of radiotracers for diagnosis of diseases. 
Introduction
Positron emission tomography (PET) is a highly sensitive imaging technique that has been widely applied in cancer diagnosis through the use of [
F]-fluorodeoxyglucose (FDG).
1 However, FDG is taken up in all areas of enhanced metabolism. 1 More specific, targeted, probes will provide improved diagnosis. Whilst incorporation of 18 F and 11 C into small organic molecules can provide a route to targeted probes, this route often requires multistep syntheses with harsh reaction conditions that are not compatible with many biomolecules. 2, 3 More rapid assessment of new targeting motifs may be achievable by exploiting the modular system created by conjugation of targeting motifs to bifunctional chelates that complex radiometals such as 68 Ga, 64 Cu or 89 Zr. 4, 5 Of these positron emitting metal isotopes, 68 Ga is of particular interest. 69 The generator source of 68 Ga allows for local production at the site of use, opening the possibility of individual hospitals producing their own radiotracers instead of relying upon centralised production facilities.
Comparisons can be drawn to the successful 99m Tc single photon emission computed tomography (SPECT) isotope. 10 The 68 minute half-life of 68 Ga is amenable to imaging with peptides and other molecules with relatively short blood circulation times in vivo. 11 Traditional macrocyclic chelators, including 1, 4, 7, 10-tetraazacyclododecane-1, 4, 7, 10-tetraacetic acid (DOTA), have been successfully applied to 68 A range of chelators have been tested for their 68 Ga complexation abilities. 4, [12] [13] [14] Recent trends in chelate design for 68 Ga have been to improve the radiolabeling procedure by reducing the temperature required for efficient complexation of 68 Ga and raising the pH at which this occurs. 4, 12, 19, 20 This is a challenge due to the formation of kinetically inert gallium hydroxide species above pH 4.5. 6, 10 Radiolabelling at pHs and temperatures close to physiological conditions is necessary to maintain the structure of peptides and aptamers. Furthermore, radiolabelling at neutral pH would reduce the formulation required after synthesis of the radiotracer, simplifying the tracer production procedure.
The smaller macrocycle, 1, 4, 7-triazacyclononane-1, 4, 7-triacetic acid (NOTA) has been applied to 68 Ga complexation, and radiolabelling proceeds efficiently at room temperature, although acidic conditions are still required. 16 Novel, non-macrocyclic chelates THP 21 and DATA 22 have been shown to rapidly complex 68 Ga at higher pH values. While the conjugated DATA probe, DATA-TOC, has only been radiolabelled at pH 4-5, 23 THP conjugates , THP-RGD and THP-TATE, were radiolabelled at pH 5-6.5. 24, 25 Despite this recent progress, rapid radiolabeling with 68 Ga at pH 7
has not yet been widely realised, with few bifunctional chelators capable of achieving rapid complexation at neutral pH reported (structures of these bifunctional chelators are shown in figure   S1 ). [26] [27] [28] Development of alternative chelates that can achieve this may allow for improved design of the imaging probe through different pharmacokinetic profiles/biodistributions. 29 While THP-TATE can be radiolabelled at pH 6.5, its lipophilic nature results in a significantly different biodistribution when compared to DOTA-TATE, with longer renal and liver uptake. Balancing improved radiolabeling properties with ideal imaging properties requires the development of new chelates to optimize both properties. 29 We report here the application of the chelate N, N-bis [(6-carboxypyridin-2-yl) 30 The aminebis(picolinic acid) motif has been applied to the complexation of a variety of metals with a number of different amines being used to form chelates with varying properties. 3142 The incorporation of a glycine residue into the chelate backbone provides both a carboxylic acid group that can bind strongly to Ga(III) due to a good hard acid/base match, and also a site which can be readily functionalised through application of other amino acids. 31 
Results and Discussion

Synthesis and Characterisation
In this paper we report the application of N, N-bis[(6-carboxypyridin-2-yl)methyl]glycine (H3Dpaa) and two bifunctional derivatives to 68 Ga complexation. The ligand H3Dpaa was synthesized in two steps as described by Mazzanti et al. 32 Figure S22 ) shows a distinct asymmetry caused by the chirality of the amino acid used.
The molecule displays a configuration with one picoline ring on top of the other at a separation at water. (Figure 2 ) The bonds from the Ga(III) atom to nitrogen atoms are rather longer than those to the oxygen atoms of the carboxylates (as shown in Table 1 ). This is a consequence of the strain in the ligand and may also reflect the preference of Ga(III) for the hard oxygen donors. The central amine atom (N2) in each structure is rather too distant from the Ga(III) to suggest a bond.
Each structure features a distorted octahedral coordination of the Ga(III) as a consequence of the geometry of the ligand. The greatest distortion is obvious in the plane of the picolinic acids (Tables   1 & 2 ). In each case the N1-Ga-N3 angle is greater than 133° and consequently the N-Ga-O angles are much smaller than the ideal 90° expected for undistorted octahedral geometry.
[Ga(Dpaa)] is relatively symmetric and there is a pseudo-mirror plane (through O3, N2, and O1w) present in the complex. The picolinate arms are close to planar; the angle subtended by the two mean planes of the picolinates is 9.53(3)°. In contrast the glutamic acid backbone introduces a twist in [Ga(Dpaa.ga)] removing the pseudo-mirror plane and pushing the picolinate rings further out of the same plane such that the angle between their mean planes is 15.85(3)°. It is important to note that the pendant carboxylate arm of the glutamic acid is not involved in Ga(III) coordination.
Full crystallographic data can be found in the supplementary information.
Potentiometry
Protonation constants of the studied compounds were determined by potentiometry (Table 3, distribution diagrams are shown in Figure S2 ). The determined protonation constants of H3Dpaa are in very good agreement with those previously reported. 32, 35 The first protonation constant (pK1 = 7.38) is assigned to the central amine group. The two remaining constants are ascribed to protonation of the picolinate arms. The protonation constant of the pendant acetic acid group could not be determined due to its highly acidic nature.
The additional carboxylate group in H4Dpaa.ga introduces an additional protonation constant in the weakly acidic region (pK2 = 4.67). However, it does not alter significantly the protonation constants of the ligand core (pK1 = 7.33) or the picolinate arms. The terminal amino group in H3Dpaa.dab is protonated above pH 11 (pK1 = 11.35). Presence of the additional protonated amino group significantly decreases basicity of the central amino group in the ligand core (pK2 = 5.39).
Complexation of Ga(III), Cu(II) and Zn(II) ions by the three ligands was studied by potentiometry.
These metal-ligand systems were chosen due to their importance for the potential application of these ligands to nuclear medicine. The results are summarized in Table 4 .
The study of the Ga(III)-Dpaa system was not straightforward due to low solubility of the uncharged [Ga(Dpaa)] species. Therefore, UV-VIS titration was performed at significantly lower concentration ( Figure S4 ). Nitrogen atoms of the ligands are weakly basic and this leads to complexation of metal ions even in strongly acidic solutions. As a consequence, some of the complexes were fully formed in the beginning of potentiometric titrations. Thus, Cu(II) and Zn(II) systems with H4Dpaa.ga and H3Dpaa.dab were also studied by UV-VIS spectrophotometry at pH 0-2 ( Figure S6 and S8 (Tables S2 and S3 ). This may be rationalized due to the low flexibility of the ligand preventing the complex from fulfilling the ideal coordination geometry of these two ligands and due to the high charge density of Ga(III) compared to Cu(II) and Zn(II H3Dpaa. This suggests that the additional coordinating arms may be involved in the complexation of these two metals.
Radiolabelling
The radiochemical yield (RCY) of H3Dpaa complexing 68 Ga was found to have a distinct pH dependence ( Figure 4) ; in acidic aqueous solution the radiochemical yield achieved by 100 μM This difference between buffered and aqueous solutions may be explained by a weak galliumphosphate complex being formed. This may act as a "pre-coordination" complex, preventing the rapid formation of gallium hydroxide species that would result in slower complexation due to the kinetically inert gallium-hydroxide bonds. 19 The pH of the radiolabelling reaction also has a significant effect on the concentration of ligand required for efficient radiolabelling ( Figure 5 ). When radiolabelling at pH 4, efficient complexation is achieved at ligand concentrations as low as 500 nM, with radiochemical yields >90% achieved in 15 minutes at ambient temperature. However, the radiochemical yield sharply decreases below this concentration with no radiolabelling seen when [H3Dpaa] = 100 nM. In contrast, at pH 7.4 the radiochemical yield after 15 minutes at ambient temperature is maintained above 90% at 50 μM, however drops below 90% at ligand concentrations of 10 μM.
The ability to rapidly complex 68 Ga at neutral pH has the potential to simplify the production of (105 mCi μmol -1 )( Figure S11 ).
The stability of the radiolabelled complexes formed were assessed against biological competitors, apo-transferrin and foetal bovine serum (FBS). Some stability to the iron transport protein apotransferrin was seen, 92% of 68 Ga activity was associated with the [ 68 Ga][Ga(Dpaa)] complex after 2 hours of incubation ( Figure S14 ). In FBS complete decomplexation of the 68 Ga was seen within 30 minutes for all chelate derivatives ( Figure S15 ). This suggests that having the vacant coordination site filled by H2O (Figure 2 ), allows for 68 Ga to be more readily taken up by competitor proteins found in the serum and therefore H3Dpaa is not the ideal system for 68 Ga application in vivo.
Conclusions
We describe a ligand system based on amino acids allowing for synthesis of bifunctional chelators. To H3Dpaa (76 mg, 0.22 mmol) in water (5 mL) was added GaCl3 (38.8 mg, 0.22 mmol) in water (3.8 mL). The pH was adjusted to 4.5 with sodium hydroxide. The solution was heated to reflux for 3 days. After cooling, the solution was filtered to give a white solid (76 mg, 0.14 mmol, 64% 16.13 [b,c] 18.36 [b] Cu(II) 10.85 [b] 19.1 [b,d] 14.52 [b,d] Zn(II) 11.93 [b] 15.8 [b,d] 13.38 + where the amine group deprotonation and hydroxido species formation are not considered. disordered water was modelled using the SQUEEZE routine; data collected at Diamond synchrotron UK, station I19; the crystal suffers from radiation damage but structure solution and refinement were routine; structure solved by routine dual space methods and refined against all observed F 2 values.
